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Variable speed drives have been used for over half a century, with the main advantage being the reduction of electrical energy use. With the advance of Industry 4.0 the role of the drive moves from that of a pure power processor to that of an intelligent element of the automation system. The ability of the drive to act as a smart sensor, makes it a natural choice when implementing condition monitoring. In this article we present how this can be used in water and wastewater applications.
	

New drive capabilities for water and wastewater applications
Variable speed drives with power electronics converters have been used for more than half a century and today more than 20% of all electric motors are driven by variable speed drives. The main reason for using drives is the reduction of energy use. However, there are also other reasons for employing drives in water and wastewater applications, such as process control (keeping constant water pressure, thus avoiding leakage caused by high pressure), avoiding water hammer or optimized well exploitation. 
Since the introduction of microprocessors to control the drives, additional functionality has been added to the original function – which is that of a power processor. For example, drives can perform pump de-ragging in wastewater applications, they are able to control several pumps in a cascade system in water pumping applications or can by-pass certain frequencies to avoid resonances. 
The advance of Industry 4.0 has given an additional boost to these additional functions. As Industry 4.0 deals with information and networking, we start using the drives as smart and networked sensors. 




Industry 4.0 in motor and drive systems[bookmark: _Ref2597891]Figure 1: Industry 4.0 means transition from the automation pyramid to networked systems


Industry 4.0 is a generic term, suggesting a fourth industrial revolution which can be characterized by networking (following the first industrial revolution – mechanization, the second – electrification and the third – automation). Although the term is somewhat vague, a possible definition could be “Industry 4.0 describes the intelligent networking of people, things and systems by utilizing all the possibilities of digitalization across the entire value chain”. 
The impact of this trend on motor systems is a migration from what is known as “automation pyramid” to networked systems, see Figure 1 (left).This means that the various elements of the system, such as motors, drives, sensors and controls, get interconnected and also connected to a cloud – where data is stored, processed, analyzed and decisions are made, see Figure 1 (right).Figure 2: Drive as a sensor



The drive as a sensor
In variable speed drive applications, the availability of microprocessors in the drive and bus communication options, combined with current and voltage sensors opens new opportunities. Moreover, additional sensors (such as vibration and pressure sensors) can be connected to the drive at almost no cost. This allows the drive to be used as a smart sensor for condition monitoring (Figure 2). The available information offers various use cases, e.g. system optimization, energy efficiency optimization, and condition-based maintenance. The next section will explore some examples of sensor integration and condition-based maintenance.
             


             
Embedded condition-based monitoring
Condition monitoring is a technique to monitor the health of equipment in service. For this purpose, key parameters need to be selected as indicators for developing faults. The equipment condition typically degrades over time. Figure 3 shows a typical degradation pattern, also known as PF-curve. The point of functional failure is when the equipment fails to provide the intended function. The idea of condition-based maintenance is to detect the potential failure before the actual failure occurs. In this case, maintenance actions can be planned before functional failure, with advantages such as: reduction of downtime, elimination of unexpected production stops, maintenance optimization, reduction of spare part stock, and others.
[bookmark: _Ref2599568]Figure 3: P-F curve representing the condition of a component until functional failure.

Vibration level monitoring
Many mechanical failures, e.g. bearing wear-out, shaft misalignment, unbalances, create some kind of vibration. Thus, vibration monitoring has been established as state of the art for monitoring rotating machines. There are various methods ranging from basic simple monitoring up to highly sophisticated monitoring [3]. A widely used method is vibration velocity RMS monitoring [2]. It is based on the RMS value of the vibration signal that is measured through a vibration sensor. Many mechanical faults have a significant impact on the RMS of the vibration, e.g. unbalances, shaft misalignment, and looseness. However, the challenge in variable speed applications is the dependency of the vibration on the actual speed. Mechanical resonances are typical examples. These are always present, and a monitoring system has to cope with them in some way. Often the fault detection levels are being set for worst case to avoid false alarms. This reduces the detection accuracy in speed regions where no resonances are present.
Having a suitable vibration transmitter mounted and connected to the drive, the drive can offer advanced monitoring by correlating the transmitter signal with drive-internal signals, e.g. speed, or other signals that are relevant for the application. The drive can detect faults early and give traffic light info (see Figure 3) on the health state of the system to prevent functional failure. Maintenance can be prepared and scheduled in advance while the system can continue operation until the next possible maintenance break. 
The vibration level in normal and faulty condition is also dependent on the type, location and mounting of the sensor. Moreover, it varies with the actual application that is to be monitored. Thus, a learning period is required. This can be done is different ways. First approach is learning the normal vibration levels during the initial period of operation. This means the application is running normally and the drive learns the vibration in parallel without affecting the operation. When enough data has been collected, the drive starts to monitor the vibration. Secondly, the drive can execute an identification run. Here, the drive controls the motor in a way that enough data is being collected. The possibility of using this second approach depends on the specific application. For example, in a water supply system the pump may not be allowed to run at full speed at the time of commissioning. 
A test set-up has been built to demonstrate the functionality. The fault in scope for this test is misalignment of the motor shaft. Shaft misalignment adds mechanical load to the bearings and thus reduces bearing lifetime. Moreover, it creates vibrations that can lead to secondary effect in the system. Early detection of misalignment and correction can extent the bearing lifetime and avoid downtime. 
Figure 4 shows the test set-up with an induction motor driving a small pump. An angular misalignment can be created through slightly lifting the baseplate with the red handle. A vibration sensor has been installed on the baseplate of the motor to illustrate the concept. The analogue 4-20 mA sensor signal has been connected to the analogue input of the drive.
Figure 5 shows an example of test results. The measured vibration in mm/s versus the motor speed in RMS is shown for two scenarios. In the first scenario the system is in its healthy state. In this state, a baseline measurement is executed. The warning and alarm thresholds are derived based on the measured baseline. For the faulty scenario, a shaft misalignment is created by slightly lifting the motor baseplate through the red handle, see Figure 5. The measured vibration in faulty condition is shown in green. 
  [bookmark: _Ref2602479]Figure 4: Test set-up with a small pump driven by an induction motor. Vibration transmitter (black/orange) mounted on the baseplate next to a motor.
[bookmark: _Ref2602495]Figure 5: Test data (Vibration RMS value in mm/s versus speed in RPM) for two scenarios: fault-free (black, “baseline”) and faulty (green, “misaligned”).

In the above example, the drive can clearly detect this fault. For other applications, the baseline data can be very different. Typically, even in healthy state the vibration is dependent on speed. There can even by resonance points that need to be considered while monitoring. Other types of faults, e.g. unbalances, looseness, create different patterns.

Electrical signature analysis
The condition of the motor and application can also be monitored through electrical signature analysis. This technique has been under research for many years. The early studies have addressed direct online machines, and later variable speed drive applications have been investigated too [5,6,7]. With the available processing power and memory in today’s drives, these techniques can be integrated into products as product features now.[bookmark: _Ref2605017]Figure 6: Electrical signature analysis

Figure 6 illustrates the basic concept. Fault condition indicators can be extracted from the motor currents and voltage signals. Frequency components of currents and voltages can be related to motor or application faults, e.g. shaft misalignment or stator winding faults. The current and voltage sensors are essential components of drives anyway. They provide the necessary signals for controlling the motor. These signals can be used for monitoring purpose. Thus, no extra sensor costs are added. Signal processing and analytic techniques play an important role in this context. 
The drive being the controller of the motor can correlate the monitoring values, e.g. specific current harmonics, with other available information inside the drive. Knowing the controller state for instance, the drive knows when meaningful spectrum calculations can be performed. Like the vibration level monitoring, the correlation of monitored values with motor speed, load, and other relevant process data (e.g. pressure in water pipes) can be performed to get more accurate fault information.



Load monitoring in pumps
As shown in the previous section, drives are measuring motor current and voltage and the primary purpose is to use these measurements for controlling the motor. The primary current and voltage measurement is used to calculate various parameters such as motor power, energy, actual motor speed or torque. And these values can be used for monitoring the motor load, for example a pump.
[image: ]In applications where the load depends on the motor speed, the torque estimation can be used for determining over-load and under-load deviations. During baseline the drive “learns” the normal distribution of the load, or the load envelope – shown in Figure 7. As in the previous functions, there is a correlation with the motor speed. During monitoring the drive can detect over-load and under-load conditions, which can be caused in pump applications by faults such as: fouling, sanding, broken impeller, wear out or other.Figure 7Load envelope curve


Conclusions
Condition monitoring can be used for implementing condition-based maintenance – which is an evolution from corrective and preventive maintenance. But condition monitoring relies on sensor data; and installing additional sensors can be expensive. However, if variable speed drives are already used in the application, they are a valuable source of data which can be used for condition monitoring, saving unnecessary expense.
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